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ABSTRACT 


A  procedure  is  outlined  for  computing  the  performance 
of  two- stage,  light-gas  launchers  using  helium  as  a  propel¬ 
lant.  The  effects  of  the  physical  variables;  geometry,  piston 
mass,  and  pressures,  are  discussed.  Design  criteria  are 
established  for  a  large  launcher  which  will  be  built  for  the 
Arnold  Center  (AFSC)  ballistic  range  facility.  Theoretical 
performance  curves  are  included  as  well  as  e3Q>erimental 
results  obtained  from  two  small  launchers. 
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NOMENCLATURE 


A  Cross-section  area 

a  Acoustic  speed 

C,  M  Dimensionless  piston  mass  parameters 

Cv  Constant  volume  specific  heat 

d  Diameter 

e  Internal  energy 

i  Length 

ID  Mass 

P  Pressure 

3  Distance 

T  Temperature 

t  Time 

u  Velocity 

uo  Reference  launch  velocity,  no  chambrage,  infinite 

chamber  length 

V  Volume 

y  Ratio  of  specific  heats 

P  Density 


SUBSCRIPTS 


c  Chamber 

P  Final  state  in  pump  tube 

f  Forward  face  of  piston 

L  Launch  tube 

M  Projectile 

o  Standard 

P  Piston  or  pump  tube 

R  Rear  face  of  piston 
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t,  s 


1 

2 

3 

4 


Partial  derivatives 

Ahead  of  Incident  shock 

Behind  incident  shock 

Behind  first  reflected  shock 

Behind  first  shock  reflected  from  piston  face 


normal  shocks 


DIMENSIONLESS  COORDINATES 


Pf  Al  , 

"M  «F 


u/aF 


a  a/ap 

P  P/Pr 


Pf,  ap  Initial  chamber  conditions,  corresponding  to 

final  state  in  pump  tube 

niM  Projectile  mass 
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INTRODUCTION 


Construction  was  begun  in  1960  at  the  AEDC  of  a  1000-ft-long, 
variable  pressure,  ballistic  range  to  be  used  in  developmental  testing 
of  flight  vehicle  models.  The  major  advantage  of  the  aerodynamic 
ballistic  range  lies  in  its  capability  in  reproducing  the  environment  of 
very  high-speed  flight,  i.  e. ,  flight  Mach  numbers  in  excess  of  about 
10,  when  dissociation  of  the  air  occurs  in  the  vicinity  of  the  body.  Here 
it  is  necessary  not  only  to  duplicate  fight  Mach  numbers,  but. also  actual 
flight  speeds,  stagnation  pressure,  and  temperature.  The  light-gas  gun 
type  of  launcher  is  the  only  presently  developed  method  of  obtaining  the 
required  velocities  in  the  range.  Hydrogen  or  helium  is  used  as  the 
propellant  after  it  is  heated  by  one  or  more  of  the  following  methods; 

(a)  reaction  of  a  combustible  mixture  of  gases  within  the  propellant, 

(b)  adiabatic  compression  with  or  without  appreciable  shock  wave 
heating,  and  (c)  discharge  of  an  electric  arc  within  the  propellant. 
Experimentation  with  examples  of  all  these  systems  has  been  conducted 
at  AEDC.  The  experience  of  the  NASA  Ames  Research  Center,  Naval 
Ordnance  Laboratory,  the  Canadian  Armament  Research  and  Develop¬ 
ment  Establishment,  and  the  Air  Proving  Ground  has  been  drawn  upon 
in  deciding  on  an  initial  launching  system  for  the  large  range.  The 
only  system  which  shows  reasonable  promise  of  providing  the  required 
performance  (launch  velocities  in  excess  of  20,000  ft/sec)  within  the 
available  time  for  design  and  fabrication  is  one  developed  at  the  Ames 
Research  Center  (Ref.  1).  A  free-piston,  shock  and  compression  heat¬ 
ing  cycle  in  a  two-stage  configuration  has  yielded  velocities  in  excess  of 
26,  000  ft/ sec  for  light  projectiles. 

The  electric-arc  heating  principle,  although  having  satisfactory 
theoretical  performance,  has  not  yet  reached  the  stage  of  development 
for  practical  design  primarily  because  of  contamination  of  the  propellant 
during  discharge . 

The  use  of  a  combustible  mixture  of  hydrogen -oxygen -helium  in  a 
single  stage  does  not  produce  high  enough  launch  velocities,  and  in 
shock  heating  cycles,  difficulties  with  pre- ignition  and  detonation  dis¬ 
courage  the  attempt  to  build  a  large-scale  launcher  utilizing  H,-0i 
combustion  as  a  source  of  energy.  The  use  of  gunpowder  -  heated 
helium  is  considered  the  most  practical  driver  for  a  piston  in  a  large 
2 -stage  launcher. 


Manuscript  released  by  authors  May  1961. 
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The  following  light -gas  launchers  have  been  used  at  AEDC  to  obtain 
data  upon  which  the  large  launcher  design  has  been  based:  (a)  a  20 -mm, 
electric-arc  heated  configuration  operated  with  a  4-megajoule,  inductive 
storage  power  supply,  (b)  a  40 -mm,  Hj-0, -He  combustion-heated, 
single-stage  launcher  of  Naval  Ordnance  Laboratory  design,  and  (c)  a 
20-mm  or  0.5-in.  caliber,  two-stage  configuration  using  the  combustion 
heated  launcher  as  the  first  stage.  This  latter  was  operated  with  two 
lengths  of  40-mm  pump  tube. 

The  two- stage  configuration  consists  of  a  chamber  containing  the 
first  stage  propellant  which  drives  a  free  piston  through  the  pump  tube. 
Helium  or  hydrogen  is  heated  by  shock  waves  and  compression  ahead 
of  the  piston,  forming  the  second-stage  propellant  which  drives  the  pro¬ 
jectile  through  the  launch  tube.  There  is  a  paucity  of  information  in  the 
literature  upon  which  a  design  optimization  can  be  based.  Even  the  ef¬ 
fects  of  such  fundamental  physical  variables  as  piston  mass,  pump  tube 
charge  pressure,  pump  tube  dimensions,  and  piston  velocity  have  not 
been  treated  except  through  informal  communications. 

It  was  considered  essential  that  a  systematic  calculation  procedure 
be  developed  which  would  incorporate  all  the  known  variables  and  would 
provide  for  the  introduction  of  whatever  empirical  data  were  available. 
The  fabrication  of  a  large-scale  launcher  is  expensive  and  modification 
is  time  consuming;  therefore,  it  was  considered  desirable  to  arrive  at 
as  close  to  an  optimum  design  as  possible.  In  Ref.  2,  several  aspects 
of  two-stage  launcher  design  are  considered  from  the  theoretical  point 
of  view:  multiple  shock  compression,  piston  velocity,  and  the  effect  of 
chamber  geometry  on  launch  velocity  using  helium  as  a  propellant. 

There  remained  to  be  determined  the  effects  of  geometry  and  piston 
mass  on  structural  weight  and  launch  velocity  in  a  complete  launch 
system. 

In  arriving  at  a  design,  it  was  assumed  that  siifficient  performance 
for  the  initial  launcher  would  be  such  that  a  one-caliber  long,  light 
plastic  cylinder  (specific  gravity  1.  15)  could  be  launched  from  a 
200 -caliber-long  launch  tube  at  25,000  ft/sec  using  helium  as  a  pro¬ 
pellant.  It  was  desired  that  the  largest  possible  diameter  launch  tube 
be  used  in  order  that  winged  or  sub- caliber  models  could  be  launched 
within  the  weight  limitation  assumed.  Since  the  performance  is  nearly 
independent  of  size,  the  upper  limit  of  dimensions  was  expected  to  be 
fixed  by  cost,  the  distance  between  already  installed  foundations,  space 
in  the  launch  room,  or  availability  of  excess  gun  tubes  which  could  be 
used. 
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IDEAL  PERFORMANCE  OF  THE  TWO-STAGE  SYSTEM 


The  following  simplified  model  of  the  two- stage  launcher  system  is 
assumed  as  a  first  approximation  to  estimate  the  performance.  Initial 
conditions  in  the  chamber  are  such  that  the  piston  arrives  near  the  end  of 
the  pump  tube  with  a  velocity  given  by  conventional  interior  ballistic 
theory.  A  shock  is  driven  ahead  of  the  piston  which  reflects  from  the  end 
of  the  pump  tube  and  from  the  piston  face.  Compression  after  the  three 
shock  passages  is  taken  to  be  isentropic  to  a  final  state  which  results 
from  conversion  of  the  kinetic  energy  of  the  piston  into  an  increase  of  the 
internal  energy  of  the  compressed  gas  in  the  pump  tube.  This  gas  is  the 
propellant  which  drives  the  projectile  through  the  launch  tube.  It  is 
Implied  that  the  piston  comes  to  rest  before  the  projectile  starts  and  that 
it  stays  fixed  during  projectile  motion.  In  the  following  sectionj  semi- 
empirical  limits  are  imposed  to  restrict  the  initial  motion  of  the  projec¬ 
tile  and  to  limit  a  falling  pressure  resulting  from  the  reversal  of  a 
light  piston.  An  ideal  gas  is  assumed  (y  .=  const.)  ,  and  no  losses  through 
friction  or  heat  transfer  are  admitted. 


COMPRESSION  PROCESS  IN  A  PUMP  TUBE 

When  gas  in  state  (1)  (see  Fig.  1)  is  driven  ahead  of  a  relatively  fast 
moving  piston,  a  shock  wave  runs  ahead  of  the  piston.  The  pressure 
ratio  across  the  shock  wave  is  related  to  the  piston  velocity  by 


and  the  temperature  ratio  is  given  by 

= - Ti - fi  +  JL — ! — 

Ti  Zl+LI_L\'  ‘"v 

If  the  end  of  the  pump  tube  is  closed,  the  shock  wUl  reflect  leaving  a 
state  (3)  of  higher  pressure  and  temperature  and  zero  velocity.  This 
reflected  shock  will  again  reflect  from  the  piston  face,  which  is  assumed 
to  be  traveling  at  its  original  speed,  resiilting  in  the  conditions  (4) 

(Fig.  1  for  helium).  For  an  infinitely  massive  piston,  the  shock  wave 
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will  continue  to  be  reflected  from  the  end  of  the  pump  tube  and  piston 
face.  These  shocks  have  in  common  the  velocity  change  across  them 
equal  to  the  piston  speed,  up  .  However,  since  the  acoustic  speed  is 
continuously  increasing,  the  shock  Mach  number  becomes  progressively 
smaller,  the  shock  compression  approaches  an  isentropic  process,  and 
the  difference  between  shock  and  isentropic  compression  after  the  first 
three  shock  transits  is  very  small.  When  the  piston -mass  is  finite,  the 
shock  first  reflected  from  it  weakens  as  a  result  of  the  piston's  decelera¬ 
tion,  thereby  insuring  an  even  more  nearly  isentropic  process  during 
the  final  compression  stage.  Figure  2  shows  the  compression  process 
for  multiple  shocks  (up  to  6)  with  constant  piston  speed  and  also  shows 
compression  through  three  shocks  followed  by  an  isentropic  compres¬ 
sion  to  the  same  pressure  as  obtained  with  the  6 -shock  compression. 

This  consideration  leads  to  the  following  simple  relation  between  shock 
and  isentropic  compression  for  pump  tubes; 


Tf 


Shock 


^  Isentropic 


shown  in  Fig,  3  for  helium. 

Therefore,  if  the  final  pressure  can  be  determined  for  a  given  piston 
velocity,  the  final  state  (F)  of  the  gas  in  the  pump  will  be  known  (Ref.  2). 


FINAL  PRESSURE  IN  THE  PUMP  TUBE 


The  wave  plane  (distance -time)  representation  of  the  pump  tube 
shows  the  relationship  graphically: 


Region  (1)  is  the  undisturbed  gas  in  the  pump  tube,  (2)  is  assumed  to  be 
uniform  in  the  present  quasi-steady  analysis.  (3)  results  when  the 
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shock  is  reflected  from  the  pump  tube  end,  and  (l)  from  the  piston  face. 
In  reality  region  (2)  is  not  uniform  as  can  be  seen  from  the  particle 
paths  --  the  compression  corresponds  to  the  incident  shock  at  the  front 
of  the  region,  whereas  it  is  isentropic  at  the  piston  face.  Light  piston 
weight  and  long  pump  tube  length  give  better  conformity  to  the  quasi¬ 
steady  assumption.  A  final  state  (F)  is  attained  when  the  piston  comes 
to  rest. 

It  is  assumed  (a)  that  the  driven  gas  undergoes  an  entropy  change 
corresponding  to  the  shock  compressions  to  state  (4)  followed  by  an 
isentropic  compression  to  the  final  state  (F)  and  (b)  that  the  kinetic 
energy  of  the  piston  is  equal  to  the  change  in  internal  energy  from  the 
rest  state  (3)  to  the  final  state  (F) .  This  is 

— ^  mp  Up*  =  A  e  *  Cv  (Tf  “ 

Isentropic  compression  from  (4)  to  (F), 


Then 


p 

2PiAp7p 


Cv  T« 


or 


m 


P 


u 


2 

P 


2  Cy  T4  P'l  A  p  £  p 


and 


_ >1_ 

In.  =  In  r  i  iti  +  It]  =  t  (l^  ,  m) 

P,  P.  2  T,J  / 

L  Ti 

where  the  dimensionless  piston  mass  (M)  is  defined  as 


M  = 


PiApip 


which  is  proportional  to  the  ratio  of  piston  mass  to  pump  tube  charge 
mass. 
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The  above  relation  between  final  pressure,  piston  velocity,  and 
piston  mass  permits  the  construction  of  a  general  pump  tube  perform¬ 
ance  chart  in  which  the  final  pressure  ratio  and  acoustic  speed  are 
functions  of  piston  mass  and  velocity  (Fig.  4a).  Figure  4b  is  the  ratio 
of  final  to  initial  volume  in  the  pump  tube. 

tf 

Vf  ^ 

Vi 

P. 

The  final  volume  is  a  chamber  for  the  launch  tube  and  will  therefore 
adversely  influence  the  projectile  velocity  if  it  is  below  a  minimum 
amount. 


PISTON  VELOCITY 


In  Ref.  2.  the  method  for  estimating  the  velocity  of  a  piston  in  the 
pump  tube  is  developed.  The  chamber  is  assumed  to  be  large  enough 
to  permit  computation  of  the  piston  rear  face  pressure  from  the  unsteady 
flow  analysis  for  no-chambrage,  infinite  chamber  length  geometry.  In 
dimensionless  form  this  is 


where  the  subscript  (c)  refers  to  chamber  conditions. 


The  forward  face  pressure  is  given  by 


Pf 


The  subscript  (1)  refers  again  to  the  undisturbed  conditions  ahead  of  the 
piston.  Then  the  piston  velocity-travel  relationship  is  given  by  the 
integral. 


Sp 


where 


Pr  “  Pf 


®p 


Pc  Aps 
"“P  “c* 
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The  dimensionless  piston  speed-distance  function  is  given  in  Fig.  5  for 
a  chamber  propellant  derived  from  100 -percent  combustion  of  hydrogen 
and  oxygen  in  helium,  the  mixture  being  311*  +  0,  +  8 He  (Ref.  3). 


Using  the  piston  velocity  obtained  from  the  foregoing,  it  is  possible 
to  obtain  another  form  of  the  generalized  pump  tube  performance  curves 
more  suitable  for  the  present  purpose,  i.  e. ,  optimization  of  the  com¬ 
plete  launch  system.  The  final  pressure  and  acoustic  velocity  in  the 
pump  tube  were  shown  to  be  functions  of  piston  speed  (up/aj  and  mass 
parameter  (M)  .  By  defining  another  mass  parameter: 


C  - 


some  of  the  physical  variables  are  brought  out  more  distinctly.  The 
piston  density  is  — _  ,  and  the  pump  tube  fineness  ratio  is 

Ap  dp  \  '>  /p 


where 


B 


P  “ 


(piston  travel  —  pump  tube  length) 


and  therefore. 


for  fixed  a,/ac  .  Figure  6  shows  these  functions  for  a  pump  tube  charge 
temperature  of  300®K  and  chamber  acoustic  velocity  of  7150  ft/ sec,  which 
corresponds  to  the  11, -0*-[Ie  combustion  products.  When  the  chamber 
pressure  is  assumed  to  be  fixed  by  practical  considerations,  the  effects 
of  varying  piston  mass  and  pump  tube  initial  charge  pressure  (P*)  are 
clearly  evident.  The  high  pressures  that  occur  when  piston  mass  is  large 
or  charge  pressure  low  have  been  observed  by  all  those  who  have  experi¬ 
mented  with  this  type  of  launcher.  It  is  to  be  expected  that  low  piston 
weight  will  produce  higher  projectile  velocities  for  a  limiting  level  of 
final  pressure.  Figure  6  is  possible  because  of  the  unique  relation  be¬ 
tween  chamber  pressure  and  acoustic  speed.  For  other  types  of  first 
stages  (gunpowder  -  helium  for  instance),  final  conditions  must  be  deter¬ 
mined  as  in  Fig.  4. 
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LAUNCH  TUBE  PERFORMANCE 


The  velocity  of  the  projectile  when  it  leaves  the  evacuated  launch 
tube  depends  upon  the  state  of  the  gas  compressed  in  the  pump  tubCj 
the  geometry  of  the  launch  tube,  and  final  volume .  For  a  fixed  geome¬ 
try,  the  following  dimensionless  parameters  describe  launch  perform¬ 
ance: 

“  ap  “  f  (sl)  (model  velocity  at  launch ) 


tL  = 


Pf  Al 

™M  “F 


Mil,)  (time  in  launch  tube) 


where  the  dimensionless  distance  is  given  by 

iL  =  iL 

■"M 

A  simple  reference  case  which  has  a  closed  form  solution  for  ii  and  T 
is  possible  when  the  chamber  is  infinitely  long  and  has  the  same  diame¬ 
ter  as  the  launch  tube.  This  is  the  same  as  for  the  piston  discussed  be¬ 
fore  except  that  the  forward  face  pressure  ( Pj )  is  zero. 


u  d  u 


y-1 


and 


y-  1 


y  + 1 


y  +  1 

y-  1 


y-1 


y  + 1 


t  = 


d  n 


y  + 1 


2y 
y-  1 

L  2 

L  -2  J 

Y+l_ 


y+1 


(see  Fig,  7) 

The  more  general  case  for  which  the  chamber  length  is  finite  and  its 
diameter  is  larger  than  the  launch  tube  is  treated  in  Ref.  2.  The  method 
of  characteristics  was  used  to  obtain  solutions  applicable  to  helium  as  a 
propellant  for  chambrage  (ratio  of  chamber  area  to  launch  tube  area)  of 
1  and  4  and  various  chamber  lengths.  The  results  are  summarized  in 
Fig.  8  as  the  effect  of  chamber  volume  to  launch  tube  volume  on  the 
launch  velocity  normalized  to  the  reference  velocity  in  Fig.  7.  Corre¬ 
sponding  to  the  pump  tube  final  acoustic  velocity  and  pressure,  the 
reference  velocity  of  launch  can  be  determined  from  Fig.  7,  and  the 
correction  of  Fig.  8  applied  for  the  ratio  of  final  volume  to  launch  tube 
volume.  It  will  be  observed  that  the  effects  of  chambrage  and  finite 
chamber  length  nearly  compensate  for  each  other  when  the  chamber 
volume  is  held  fixed. 
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FACTORS  INFLUENCING  ACTUAL  PERFORMANCE 


The  ideal  performance  of  the  two-stage  launcher  discussed  in  the 
previous  section  neglects  two  major  effects  which  tend  to  reduce  the 
actual  velocity  below  the  calculated.  First,  the  piston  has  been  assumed 
to  come  to  rest  and  stay  fixed  before  the  projectile  starts  to  move.  If 
the  piston  has  a  low  mass  relative  to  the  projectile,  it  will  reverse  its 
direction  and  cause  a  drop  in  pressure  driving  the  projectile.  The  second 
factor  that  may  adversely  affect  launch  velocity  is  the  result  of  the  pro¬ 
jectile's  having  moved  far  down  the  launch  tube  before  the  pump  tube  pres¬ 
sure  reaches  a  maximum.  In  order  to  avoid  break-up  of  the  projectile  if 
it  were  subjected  to  the  peak  pressure,  it  is  usually  restrained  by  a  light 
shear  diaphragm  which  fails  when  the  first  shock  reflects  from  the  pump 
tube  end.  A  lower  base  pressure  results  without  serious  loss  in  propel¬ 
ling  work  if  the  initial  projectile  travel  is  only  a  small  fraction  of  the 
launch  tube  length.  These  effects  are  shown  qualitatively  on  the  following 
B-t  plane 


t 


The  rigorous  solution  of  the  above  motions  is  prohibitively  complex,  and 
an  empirical  approach  is  resorted  to,  based  upon  operating  experience 
with  this  type  of  launcher  and  simple  physical  models.  Experimental 
data  are  available  for  a  variety  of  piston  and  projectile  masses  which 
give  an  insight  into  the  piston  reversal  effect,  and  for  two  pump  tube 
lengths  which  show  the  effect  of  initial  projectile  motion. 
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PISTON  REVERSAL  (PUton  Mass  Parometor) 


For  the  derivation  of  a  parameter  associated  with  the  piston  reversal 
effectj  the  following  model  Is  used; 


The  piston  is  considered  to  be  accelerating  back  vinder  the  influence  of 
the  final  pressure  (Pr)  sJid  the  motion  of  the  projectile  assumed  not  to 
affect  the  pressure.  The  early  stages  of  motion  are  given  hy  the  dimen¬ 
sionless  time  and  distance  functions  of  Fig.  7  (Ref.  2), 


Pp  A 


ntp  BT*  j  ^Pp 


■p  a| 


and  the  projectile  motion  is  given 


SM 


n>M  ®F 


( 


Pf  Al 

•“M  “f 


■) 

■) 


It  is  desirable  to  refer  the  piston  motion  to  the  non-dimensional  pro¬ 
jectile  motion  defined  by 


S 


»F* 


and 


“t  =  t 

«M  ®F 


Then 


where  f  «  s  (t)  (Fig.  7) 

Considering  the  pressure  decay  of  the  piston  face. 


where 


2  Y 

y  ~  1 


/PP  Ap 

\  '"P“t  ’ 


where  f  u(s)  (Fig.  7) 
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It  is  evident  that  the  controlling  factor  is  the  parameter  (  )  .  In 

""M  Ap^ 

Fig.  9,  the  pressure  drop  and  relative  motion  of  piston  and  projectile 
are  shown  for  a  range  of  mass  parameter  typical  of  two-stage  launchers. 
These  results  must  be  considered  as  only  qualitative  since  there  is  a 
time  delay  in  communicating  the  falling  pressure  from  the  piston  to  the 
projectile  sdong  downstream  characteristic  lines.  Comparison  of  meas¬ 
ured  to  calculated  launch  velocities  provides  a  correlation  with  the  mass 
parameter  which  will  permit  some  reasonable  lower  limit  to  be  set  for 
design  purposes. 


PROJECTILE  INITIAL  MOTION 


The  projectile  will  usually  begin  to  move  under  the  force  of  the 
first  reflected  overpressure  (P,)  when  the  incident  shock  arrives  at  the 
end  of  the  pump  tube.  A  rigorous  computation  of  the  distance  the  pro¬ 
jectile  moves  before  the  pressure  maximum  occurs  is  difficult;  however, 
a  simple  analysis  is  possible  which  shows  the  fundamentals  of  the  phe¬ 
nomenon.  The  wave  plane  is  shown  below: 


The  time  interval  (At)  between  the  arrivals  of  the  two  first  shocks  is 
taken  as  the  essential  measure  of  the  problem.  It  is  assumed  (a)  that 
the  incident  shock  and  projectile  path  have  constant  speeds  originating 
at  the  beginning  of  the  pump  tube  and  (b)  that  the  shocks  (2)  -  (3)  and 
(3)  -  (4)  are  straight.  Measurements  of  the  time  between  the  arrival 
of  the  first  shock  and  peak  pressure  are  in  reasonable  agreement  with 
the  above  simplification. 


Referring  to  the  diagram  above,  the  shock  speeds  (usj,  usj,  and  ubJ 
refer  to  the  incident,  first  reflected,  and  second  reflected  waves.  The 
time  of  arrival  of  the  incident  shock  is 


t,  =« 


/  p 


U 


9l 
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and  at  this  time  the  piston  is  at  the  location  (sp^  »  up  t,  -  £p}>  The  time 
interval  (At)  between  shock  arrivals  at  the  end  of  the  pump  tube  is 

=  ^Ai 

The  shock  velocities  are  given  by 

— ^ —  =  1  ^  (— — ^  j  (~^ - „  °  I  (n  indicates  the  n-th  shock) 

The  dimensionless  function  of  up/a^  can  be  readily  calculated  for  an 
ideal  gas  and  is  shown  in  Fig.  10  for  helium. 

The  initial  motion  of  the  projectile  is  the  result  of  the  reflected 
shock  conditions  (3).  This  is  derived  from  the  interior  ballistics  analy¬ 
sis  as  in  Fig.  7, 


a.m  -  -5*4^  t.  ( a.) 

al  y  ">11  *1  / 

A  uM  =  a,  fu  [  A  B ) 

\  J 


fi  =  i  a) 


fu  •=■  u  (  s  ) 


These  will  be  non- dimens ionalized  to  the  form  which  can  be  compared 
to  the  coordinates  discussed  previously,  i.  e. 


Pp  Al 


8  ,  and  t 


Pp  Al 


Then 


-  ip  (^)  (l^) 


••  L 


L  4f  ^At  (^) 


Asm  = 
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The  criterion  for  correlation  of  the  effect  of  initial  projectile  motion  is 
taken  as 

A 8  _  As 
BL 

which  is  approximately  the  fraction  of  the  launch  tube  traversed  by  the 
projectile  before  peak  pressure  is  obtained  in  the  pump  tube. 


EVALUATION  OF  EXPERIMENTAL  RESULTS 

An  essential  aspect  of  the  present  analysis  of  two-stage  launcher 
performance  is  the  empirical  evaluation  of  the  effects  of  initial  pro¬ 
jectile  motion  and  piston  reversal.  A  launcher  was  assembled  using 
as  the  first  stage  a  40 -mm,  Hj-0,-He  configuration  of  NOL  design. 

Pump  tube  lengths  were  20.  5  ft  and  10.  5  ft  with  a  diameter  of  1.  58  in. 
Initially,  a  20-mm  launch  tube  liner  was  used;  however,  calculations 
of  final  volume  indicated  that  the  pump  tube  was  too  small.  Therefore, 

0.  50 -in.  -bore  launch  tubes  8  to  13  ft  in  length  were  used  in  all  the  tests. 
Diming  the  program  of  testing,  preliminary  hydrogen  thermodynamic 
data  became  available  from  the  Bureau  of  Standards,  which  made  it 
possible  to  compute  launcher  performance  similarly  to  the  method  for 
helium  outlined.  Much  lower  final  temperatures  resulted  for  hydrogen 
compared  with  helium,  and  it  was  found  that  the  effect  of  final  tem¬ 
perature  in  the  pump  tube  could  be  isolated. 

The  chamber  pressure  upon  which  piston  velocity  is  based  is 
measured  with  a  Norwood  bonded  strain- gage  pressure  transducer. 
During  the  program,  development  of  high-pressure  section  pressure 
gages  progressed  to  the  point  that  the  last  few  tests  included  a  strain- 
gage  tube  type  that  could  be  calibrated  to  185,000  psi.  Also,  Rodman 
copper  crusher  gages  appeared  to  give  reasonable  results  when  the 
piston  area  was  reduced  so  that  tarage  table  calibration  was  applicable. 
Sufficient  data  are  not  yet  available  to  verify  theoretical  determination 
of  maximum  pressures;  however,  strain  gages  on  the  outside  of  the  high 
pressure  section  and  measurements  of  yielding  of  the  bore  are  consistent 
with  the  calculated  pressure.  Recording  of  chamber  pressure  was  done 
on  a  Midwest  oscillograph  with  galvanometers  having  about  300-cps  fre¬ 
quency  response.  Time  resolution  was  about  0.  2  msec  on  the  paper 
traces. 

Velocity  measurement  was  baaed  on  four  independent  systems;  (1) 
a  Beckman- Whitley  Model  192,  high-speed  framing  camera  with 
0,  1 -percent  or  better  velocity  determination,  (2)  light  detector  trigger 
units  whose  output  was  displayed  on  a  scope  with  about  2-percent  resolu¬ 
tion,  (3)  spark  shadowgraphs  from  stations  45  ft  apart  —  10 -megacycle 


21 


AEDC-TR>61*6 


counters  were  used  to  determine  the  interval  between  sparks,  and  (4) 
four  to  six  wire  grids  distributed  along  the  100 -ft  range,  the  outputs 
of  which  were  used  to  start  and  stop  counters.  In  addition,  an  inde¬ 
pendent  time  base  was  established  for  the  sparks  and  break  wires  by 
use  of  tape  recording  and  slow  playback  which  permits  time  resolution 
of  about  3  microseconds.  At  least  two  independent  methods  were  re¬ 
quired  for  the  round  to  be  considered  successful. 

In  Table  1,  a  series  of  rounds  is  given  in  which  most  of  the  physi¬ 
cal  parameters  of  the  launcher  are  varied.  Measured  launch  velocities 
are  compared  with  those  computed  to  provide  a  basis  for  correlation. 
Piston  velocities  were  calculated  for  the  fraction  of  complete  combustion 
determined  from  chamber  pressure  by  a  method  similar  to  that  of  Ref.  3. 

The  initial  projectile  motion  |  .  piston  reversal  parameter/ 

L  /  \  “M  Ap 

and  final  temperature  are  tabulated.  Figure  Ha  shows  the  ratio  of 
measured  to  calculated  launch  velocity  as  a  function  of  each  of  these 
quantities. 


Careful  examination  of  Fig.  Ha  reveals  trends  that  are  not  super¬ 
ficially  obvious.  The  rounds  in  which  hydrogen  was  the  propellant  were 


affected  almost  solely  by  the  initial  projectile  motion 


since  the 


final  temperature  was  low  (2000  to  3000”K)  and  the  piston  mass  parameter 
was  well  above  3.  The  group  of  rounds,  140  to  143,  were  characterized 
by  a  low  piston  reversal  parameter.  Although  the  trend  was  not  ade¬ 
quately  defined,  the  lowest  velocity  ratio  also  has  the  lowest  value  of  the 
parameter.  The  remainder  of  the  helium  rounds  had  a  wide  range  of 
final  temperatures  and  initial  motion  parameter.  The  former  appeared 
to  have  the  dominant  effect,  either  through  heat  transfer  from  the  pro¬ 
pellant  or  because  of  contamination  from  vaporizing  the  walls  of  the 
launcher.  A  simple  empirical  formula  of  the  following  form  was  deduced, 
with  Tf  in  “k  , 


U 


u 


calc 


1 


/  V 

7.4  /4®-  )  -  3  (Tf 

V  *  c  / 


2000)  X  lo”* 


This  was  then  applied  to  the  calculated  data  and  compared  with  the  experi¬ 
mental  results  as  shown  in  Fig.  Hb.  Lines  of  10 -percent  deviation  from 
the  correlation  are  given,  indicating  that  most  of  the  points  fall  within 
about  6  percent.  There  is  a  reasonable  explanation  for  most  of  those 
points  which  show  a  large  deviation  from  the  correlation;  (a)  No.  142  and 
143  projectiles  were  made  of  aluminum  and  had  a  shear  out  strength 
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which  was  appreciably  higher  than  any  of  the  other  rounds  —  the  initial 
projectile  motion  may  thereby  have  been  restricted,  (b)  No.  146  had  a 
very  high  maximum  pressure  (Pf  >  300,000  psi)  ,  and  the  high  pressure 
seal  failed  tending  to  lower  launch  velocity,  (c)  No.  154  was  the  only 
round  to  have  a  plastic  entrance  to  the  launch  tube,  and  it  is  believed 
that  ablation  of  this  element  contributed  to  low  velocity,  and  (d)  No.  156 
is  an  anomaly  in  that  the  recorded  chamber  pressure  (upon  which  the 
calculated  velocity  was  based)  indicated  more  pressure  than  would  be 
provided  by  100 -percent  combustion  in  a  closed  chamber.  In  calculating 
the  velocity,  100-percent  combustion  was  assumed.  .It  is  suspected 
that  the  transducer  calibration  was  erroneous  and  that  the  calculated 
velocity  was  too  high. 

Table  2  is  an  attempt  to  correlate  the  NASA  Ames  launcher  (Ref.  1) 
by  the  same  empirical  formula  that  was  derived  from  the  AEDC  data. 

The  proportions  of  the  former  are  more  favorable  because  of  its  larger 
pump  tube  and  initial  projectile  motion  was  always  less  than  10  . percent 
of  the  launch  tube  len^h.  The  correlation  formula  developed  above 
was  applied  to  the  data  with  the  results  shown  in  Fig.  12.  In  the  calcu¬ 
lated  performance  of  the  Ames  launcher,  it  was  assumed  that  the  piston 
velocity  was  related  to  chamber  pressure  as  if  100 -percent  combustion 
of  a  ffi-Oi-He  mixture  were  used.  Rodman  gages  were  used  to  obtain 
chamber  pressures,  and  an  average  of  readings  at  each  end  of  the 
chamber  was  taken  for  the  calculations.  The  actual  piston  velocity, 
repeatability  and  accuracy  of  the  gage  readings  are  not  known.  Round 
No.  91,  which  is  far  off  the  correlation  line,  had  only  half  the  piston 

reversal  parameter  of  the  lowest  value  used  in  the  formula 

derivation.  It  is  therefore  probable  that  the  second  term  overesti¬ 
mates  the  piston  reversal  effect  at  very  low  values  of 

"IM  Ap 

The  fact  that  the  empirical  formula  permits  predicting  the  perform¬ 
ance  within  10  percent  for  the  AEDC  launcher  with  a  large  variation  in 
geometry  and  also  for  the  Ames  Research  Center  configuration,  which 
has  an  appreciably  different  configuration,'  leads  to  the  conclusion  that 
the  magnitudes  of  all  the  important  physical  variables  have  been  deter¬ 
mined.  It  is  immediately  apparent  that  limits  can  be  set  for  design  of 
this  type  of  launch  system.  If  the  deleterious  effects  of  piston  reversal 
and  initial  projectile  movement  are  each  to  be  limited  to  one  percent  of 

launch  velocity,  the  parameters,  “^st  exceed  6  and^^^ 

must  be  less  than  0.  1,  Because  of  the  strong  adverse  effect  of  raising 
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propellant  temperature,  the  attainment  of  much  higher  velocities  using 
helium  does  not  appear  promising.  On  the  other  hand,  the  temperature 
of  hydrogen  can  be  raised  by  a  factor  of  two  with  only  about  a  10 -percent 
loss  in  velocity  resulting  from  heat  transfer  phenomena.  Therefore,  a 
potential  of  about  30 -percent  Increase  over  currently  achieved  maximum 
velocity  may  be  anticipated  with  the  two -stage  launcher  configuration. 


DESIGN  PROCEDURE  FOR  LAUNCHER 


The  design  of  the  large  scale  launcher  was  based  upon  duplicating 
or  slightly  improving  the  performance  of  the  most  successful  of  the 
small  scale  launchers  now  in  operation.  This  performance  is  repre¬ 
sented  by  the  launcher  described  in  Ref.  1  and  is  approximately  as 
follows:  launch  velocity  of  24, 000  ft/ sec  of  a  one-half  caliber  length 
plastic  projectile  using  helium  in  a  265-caliber  length  launch  tube.  The 
following  criteria  were  therefore  used  to  evolve  a  conservative  design 
configuration: 

a.  Projectile,  1 -caliber  plastic;  specific  gravity,  1. 15 

b.  Launch  Tube,  200-caliber  length 

c.  Launch  Velocity,  25,  000  ft/sec 

d.  Propellant,  helium 

Further  considerations  were  to  keep  the  pressures  low  enough  to  avoid 
the  use  of  exotic  structural  materials,  overall  length  compatible  with 
the  existing  foundations  in  the  "G”  Facility  launch  room,  and  the  possible 
use  of  available  ordnance  tubes. 

From  the  preceding  analysis  it  is  evident  that  geometrical  similar¬ 
ity  (including  piston  and  projectile)  equal  pressures,  and  the  same  density 
of  piston  and  projectile  will  result  in  the  same  launch  velocity  independent 
of  scale.  The  same  is  true  of  stress  level  and  the  structural  design.  It 
is  therefore  necessary  only  to  determine  a  satisfactory  geometry,  then 
to  scale  it  up  to  the  largest  launch  tube  size  compatible  with  space  require¬ 
ments  and  operational  practicability.  A  large  launch  tube  is  particularly 
desirable  for  winged  models  and  for  obtaining  increased  launch  velocities 
with  small  models. 

The  effects  of  chamber  pressure  (assuming  a  combustion  Hj-Oj-He 
mixture),  piston  mass,  and  pump  tube  length-diameter  ratio  are  computed 
Iqr  the  methods  previously  developed,  and  comparisons  of  the  resulting 
maximum  pressure,  initial  projectile  motion,  and  weight  of  the  driving 
section  (chamber  and  high  pressure  section)  are  made.  The  piston  mass 
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parameter 


is  fixed  at  3  to  limit  the  adverse  effect  of  piston 


reversal.  The  projectile  initial  motion  parameter(A9/iL)is  limited  to 
0. 1  on  the  basis  of  the  foregoing  experimental  results. 


LAUNCH  TUBE  REQUIREMENTS 


Figure  6a  shows  final  pump  tube  conditions  (ap/a,  vs  Pf/Pc)  cor¬ 
responding  to  various  piston  mass  and  pump  tube  charge  parameters, 


C  = 


*1 


And 


P  Op 


(i), 


and 


Pi 


The  launch  tube  requirements  will  be  expressed  in  the  same  coordinate 
system,  and  by  superposing,  the  pump  tube  is  matched  to  the  launch 
tube.  The  reference  launch  velocity,  (uo  -  no  chambrage,  infinite 
chamber  length),  is  shown  in  Fig.  7.  In  dimensionless  form, 

'Pf  Al 


=  {  (5l)  =  f 


’M  “F 


or 


SL 


Al‘^ 


in  a  more  convenient  grouping  of  terms.  For  the  case  considered 
(i/d)L  ”  200  and  iDM/AL-dL  “  1-15  gm/cc.  Figure  13  shows  the  relation¬ 
ship  between  and  Pj.  required  to  produce  the  launch  velocities,  22, 000, 
24,000  and  25,000  ft/sec.  The  several  velocities  are  chosen  in  order 
that  the  desired  velocity  of  25,  000  ft/ sec  can  be  determined  by  inter¬ 
polation  after  the  effect  of  finite  chamber  geometry  is  determined  from 
the  final  volume  ratio  (Vp/Vj  (Fig.  8).  By  selecting  two  chamber  pres¬ 
sures  (Pe  =  15,000  and  25,000  psi).  Fig.  13  is  converted  into  the 

coordinates  of  Fig.  6,  and  the  values  of  C  and  P,/Pc  determined  at  the 
Intersection  with  the  constant  (C)  lines.  The  corresponding  values  of 
the  following  quantities  are  then  readily  determined: 

^  ap  ■  Vp  , 

C  ,  ^  ,  Pf  .  and 

The  piston  mass  density  (mp/Ap  dp)  is  fixed,  and  the  pump  tube  fineness 
ratio  is 
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The  size  of  the.pump  tube  (dp/dL)  next  determined  based  on  the 
empirical  piston  reversal  parameter: 


dL  "P 


A  p  d  p 

or  alternately  upon  the  requirement  that  the  final  volume  (Vp)  is  large 
enough  to  produce  a  velocity  of  25,000  ft/ sec;  i.  e.  Vp/Vt  corresponds 
to  u/uo  ■=  1  (Fig.  8), 


The  larger  of  the  two  values  is  chosen;  if  the  pump  tube  diameter  were 
based  on  the  first  criterion,  u/uo  would  be  different  from  1.  In  this  case, 
an  interpolation  is  made  to  find  the  conditions  corresponding  to  the  re¬ 
quired  launch  velocity  of  25,  000  ft/  sec.  The  calculation  of  Initial  pro¬ 
jectile  movement  (As/iL  and  Pp)  as  functions  of  pump  tube  length/ 
diameter  ratio  is  made  as  previously  discussed. 


EFFECT  OF  PHYSICAL  VARIABLES 

In  order  to  arrive  at  a  comparison  of  configurations  based  on  cost, 
the  volume  of  the  driver  section  (chamber,  pump  tube,  and  high-pressure 
section)  in  terms  of  launch  tube  volume  is  computed,  The  wall  thickness 
is  based  on  Fig.  14  where  the  ratio  of  internal  pressure  to  maximum 
tangential  stress  is  shown  as  a  function  of  OD/ID  for  two-dimensional 
cylinders  with  an  optimum  two-shell  shrink  fit  assembly.  A  yield  stress 
of  120,000  psi  is  assumed,  and  the  pressure  in  the  chamber  and  pump 
tube  is  25, 000  psi.  The  length  of  the  high-pressure  section  of  the  pump 
tube  is  based  on  the  volume  ratio  (Vf/VJ  .  This  gives  the  following 
formula: 
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In  Figs.  15  ana  16,  the  results  of  the  foregoing  calculations  are  pre¬ 
sented  for  piston  densities,  mp/Apdp  -  0.  86  and  1. 15  gm/cc,  and  cham¬ 
ber  pressures, Pc  -15,000  and  25,000  psi.  The  axis  of  abscissas  is 
length/ diameter  ratio  of  the  pump  tube. 


SELECTION  OF  LAUNCHER  CONFIGURATION 

Examination  of  Figs.  15  and  16  shows  a  shaded  region  in  which  the 
desired  performance  can  be  obtained.  Figure  15  is  for  the  minimum 
weight  piston*  and  Fig.  16  for  1-1/3  times  the  minimum  weight.  The 
boimdaries  of  the  region  are  taken  as  an  initial  projectile  motion  of 
10  percent  of  the  launch  tube  length  and  a  peak  pressure  of  200,  000  psi. 
Chamber  pressures  of  15,000  and  25,000  psi  are  considered  a  reason¬ 
able  operating  range.  In  general,  longer  pump  tubes  and  lighter  pistons 
result  in  lower  peak  pressures,  but  greater  initial  motion  of  the  pro¬ 
jectile.  Pump  tubes  (i/d)  from  48  to  about  60  are  acceptable  with  the 
lightest  piston  and  only  80  with  the  heavier.  The  pump  tube  diameter 
to  launch  tube  diameter  ratio  is  4  for  the  light  piston  and  3  for  the  heavy 

piston  in  order  to  provide  a  piston  mass  parameter 

pump  tube  would  from  192  to  240  launch  tube  diameters  for  the  light 
piston  and  240  for  the  heavier  one,  so  that  the  former  would  result  in  a 
shorter  overall  launcher.  The  weight  of  the  driver  (chamber  +  pump 
tube)  is  twice  that  for  the  heavier  piston  configuration,  however.  The 
cost  of  the  light  piston  version  would  therefore  be  about  twice  as  much 
for  the  driver  section.  A  further  Increase  in  piston  weight  would  not  be 
practicable  because  of  the  limitation  on  chamber  pressure,  which  cannot 
be  closely  controlled.  The  limits  for  the  desired  configuration  therefore 
fall  between  190  and  240  launch  tube  diameters  for  the  pump  tube  length, 
and  piston  weight  between  0.  75  and  1  caliber  length  plastic.  The  pump 
tube  bore  should  be  three  to  four  times  the  launch  tube  bore. 

The  availability  of  8-in.  Naval  rifle  liners,  which  had  been  auto- 
frettaged  to  about  60,  000  psi,  made  it  attractive  economically  to  design 
around  them  as  a  pump  tube.  An  (i/d)p  of  52.  75  is  possible,  which  falls 
within  the  desirable  range  for  a  2-in.  -diam  launch  tube  and  the  minimum 
weight  piston.  A  120-gm  projectile  could  therefore  be  launched  from  a 
200-caliber  launch  tube  at  25,000  ft/sec  using  helium  as  a  propellant. 


*A  minimum  weight  piston  is  assumed  to  have  the  mass/ area  of  a 
0.  75 -caliber  length  plastic  cylinder.  This  limit  is  based  upon 
experience  with  stability  and  structural  integrity  of  projectiles  of 
high  velocity. 
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It  was  decided  however  to  construct  the  launcher  with  a  2.  5-in.  -bore 
launch  tube  (Fig.  17)  which  would  result  in  lower  velocity.  But  since  it  is 
known  that  an  appreciable  increase  in  performance  will  result  from  the 
use  of  hydrogen  as  a  propellant  and  that  an  increase  in  length  of  the  launch 
tube  to  250  or  more  calibers,  acceptable  velocities  would  be  attained. 

ESTIMATED  PERFORMANCE  OF  THE  LAUNCHER 


Figure  18  shows  the  launch  velocities  calculated  for  the  200- caliber, 
2.5-in.  laxmch  tube  using  helium.  Here  the  effects  of  piston  weight, 
chamber  pressure,  and  fraction  of  complete  combustion  are  evident. 

As  a  conservative  nominal  performance  for  a  maximum  pressure  of 
200,  000  psi  (the  chamber  pressure  is  taken  as  20,  000  psi,  charge  pres¬ 
sure  200  psi,  piston  1-caliber  plastic,  and  combustion  75-percent),  a 
launch  velocity  of  23,  000  ft /sec  is  anticipated.  With  a  0.  75 -caliber 
piston  and  100-percent  combustion,  24,  000  ft /sec  is  obtained.  As  the 
boundary  (&s/jJl)  is  crossed  with  increasing  charge  pressure,  the  veloc¬ 
ity  will  be  less  than  shown  as  Indicated  in  Fig.  11. 

The  actual  launcher  will  use  gunpowder  -  heated  helium  or  hydrogen 
in  the  chamber .  Preliminary  experiments  and  Ames  Center  and  AEDC 
data  Indicate  that  the  same  piston  velocities  are  obtainable  with  gun¬ 
powder  -  heated  helium  as  with  the  Hj-Oj-He  first  stage. 


CONCLUDING  REMARKS 


A  2.  5 -in,  -bore  launcher  has  been  designed  capable  of  launching  a 
230-gm  projectile  in  excess  of  20,000  ft/ sec.  This  launcher  will  be 
installed  in  the  Arnold  Center  1000-ft  aeroballistic  range  -designated 
Facility  "G"  of  the  von  Karman  Gas  Dynamics  Facility.  The  design 
is  considered  to  represent  the  present  state  of  development  of  model 
launchers.  Electrical  energy  augmentation  systems  presently  under 
study  on  Air  Force  contracts  may  provide  means  for  appreciably  im¬ 
proving  launch  velocities.  These  methods  rely  on  use  of  a  launcher 
of  the  type  discussed  here  as  the  basic  equipment  to  which  augmenta¬ 
tion  stages  are  added.  It  appears,  therefore,  that  the  present  design 
not  only  fulfills  the  requirement  for  the  initial  launcher,  but  provides 
for  growth  potential. 

The  use  of  helium  in  the  performance  computations  is  considered 
to  be  conservative  in  that  two  simple  methods  of  improving  the  launch 
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velocity  are  available.  The  substitution  of  hydrogen  for  helium  in  the 
pump  tube  yields  between  10  and  20  percent  increase  in  velocity.  Study  . 
of  the  effect  of  pre-heating  helium  to  600®K  in  the  pump  tube  indicates 
that  from  10  to  15  percent  more  velocity  may  be  obtained  (the  maximum 
pressure  being  the  same  in  both  cases).  In  addition,  there  is  evidence 
that  increasing  launch  tube  length  beyond  200  calibers  will  result  in 
higher  launch  velocities  (at  least  up  to  250  calibers). 

The  effect  of  final  temperature  has  not  been  included  in  the  perform¬ 
ance  estimates  for  the  launcher  (shown  in  Fig.  18)  and  the  experimental 
correlation  referred  to  indicates  that  a  velocity  loss  up  to  15  percent 
will  occur  if  helium  is  used  as  the  propellant. 
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TABLE  1 

EXPERIMENTAL  RESULTS  FROM  0.5-CALIBER,  TWO-STAGE  LAUNCHER 
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u 

to 


Tdble  1  (Cpncluded) 


Round 

ft 

"l 

ft 

mp 

g 

g 

Pc 

psi 

Pi 

psia 
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As 
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TABLE  2 

AMES  RESEARCH  CENTER  20-MM  LAUNCHER 


Ref.  l> 


Round 

Pc 

Pi 

No. 

(pel) 

(pel) 

(gm) 

72 
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4.  81 

74 
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dp  ■  2.  25"  d<,  =  4" 


Note:  Piston  velocity  calculated  assuming  H,-Oi-He  driver,  100-percent  combustion 
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Fig.  2  Multiple  Shock  Compression 
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Fig.  4  General  Pump  Tube  Characteristics 
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Dimensianless  Velocit^i  — 
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Fig.  5  Piston  Speed  — H2'  02* He  Combustion  Driving  Helium 
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Volume  Ratio,  ^  Piston  Speed 
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Fig.  7  Dimensionless  Projectile  Velocity  and  Time  vs  Dimensionless  Distance 
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Fig.  9  Effect  of  Piston  Moss  Parameter 
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Correlation  Formula  From  AFDC  Data: 
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Fig.  12  Correlation  of  Experimenlol  Results  for  Ames  Research  Center  Launcher 
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Fig.  13  Launch  Tuba  Requirements 
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Helium  Propellant 
1  Cal  Length  Modal  (Sp.  Gr.  >1.15) 

200  Cal  Length  Launch  Tube 

Hj  -O]  -He  Combuation  Driven  Piston  (75  Percent) 


"Pj  »  300,  000  pal 


'*‘P^  «  200»000  psi 


V  *•/«,*  0.1 
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As/Sj^  =  0.15 


.1  Cal  Platon 
■0.75  Cal  Piston 
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Fig.  18  Estimotdd  Performance  of  Launcher 


